Abstract Secular trends of daily precipitation characteristics are considered in the transient climate change experiment with a coupled atmosphere-ocean general circulation model
Introduction
Trends in mean precipitation for the twentieth century have been documented in a number of studies based on global and regional observational data (Bradley et al. 1987; Diaz et al. 1989; Dai et al. 1997; Vinnikov et al. 1990; Karl et al. 1996; Groisman and Easterling 1994) . For the globe a 1-2% secular upward trend was found for the land precipitation in twentieth century. A significant positive trend was observed in high and mid latitudes in the Northern Hemisphere (NH, more pronounced in the second half of the century) with concurrent decrease in low-latitude precipitation (Bradley et al. 1987; Diaz et al. 1989; Dai et al. 1997 ). In the Southern Hemisphere (SH) precipitation over land areas had a positive trend for all latitudes (Diaz et al. 1989) , although the data quality leaves a wide range of uncertainty. Studies focused on the continental and regional scale support the overall picture of the precipitation changes. So, for example, an annual precipitation increase was recorded during the last century or last 50 years in the contiguous United States and Canada (Groisman and Easterling 1994; Karl and Knight 1998) , northern Eurasia (Wang and Cho 1997) , former Soviet Union (Vinnikov et al. 1990 ), Australia (Suppiah and Hennessy 1998) and South America (Diaz et al. 1989 ).
An important question is how the precipitation trends may be projected in the future as a consequence of global warming. Calculations from coupled atmosphere-ocean general circulation models (AOGCM) reveal in general consistent precipitation change patterns in response to a doubling of the CO 2 concentration in the atmosphere. Most AOGCMs are in broad agreement in producing more precipitation in high latitudes and in the tropics throughout the year and in the mid-latitudes in winter (Houghton et al. 1996) . In the transient climate change experiment with ECHAM4/OPYC3 AOGCM investigated here (an experiment with increasing concentration of greenhouse gases in the atmosphere described by Roeckner et al. 1999 , hereafter referred to as GHG), global precipitation over land started to rise rapidly from about the 1950s and increased by about 11% at 2100. The precipitation increase over the oceans is only 0.1%. Significant precipitation changes are caused by a strong warming at high latitudes in both hemispheres during cold seasons, by an intensification of the ITCZs around the globe, by stronger monsoon circulation with an associated increase in the monsoon precipitation, and finally as an enhancement of precipitation in the extratropical storm tracks. A tendency of reduced precipitation is found in some tropical and subtropical ocean regions, some coastal parts of the continents and around the Mediterranean Sea.
A very important issue for social and economical impacts of the forthcoming changes in the hydrological cycle is the short-term precipitation variability such as extreme events in the form of heavy rains or snowfalls associated with possible change in the statistical properties of precipitation. A warming due to the greenhouse gas forcing leads to exponential growth (according to the Clausius-Clapeyron equation) of the water-holding capacity of the atmosphere. With a little change in relative humidity this means an (about exponentially) increased moisture content in the atmosphere. These considerations are supported by coupled AOGCM climate change simulations which produce more than 20% increase in the atmospheric moisture due to the warming caused by the CO 2 doubling (Trenberth 1998) . The increased moisture content may favour more intense precipitation. However, precipitation changes on a large scale are restricted by the change in evaporation and on smaller scale by changes of the water residence time in the atmosphere. The latter is dependent on the atmospheric dynamics and a specific evaluation of climate change experiments is required to get more robust qualitative results.
The empirical analysis of the extreme precipitation changes or changes in the precipitation distribution is restricted by the lack of long-term daily precipitation time series. Recent development of station precipitation datasets comprising century long daily precipitation data for different areas (Karl et al. 1996; Karl and Knight 1998; Suppiah and Hennessy 1998; Gruza et al. 1999; Zhai et al. 1999) , made it possible to estimate a long-term variability of the daily precipitation characteristics. Significant increases in heavy precipitation were found for the United States, the European part of the FSU and eastern Australia.
Despite availability of the daily precipitation data from GCM experiments only a limited number of studies of the daily precipitation statistics changes caused by global warming have been performed (Gregory and Mitchell 1995; Hennessy et al. 1997; Zwiers and Kharin 1998; McGuffie et al. 1999; Kharin and Zwiers 2000; Voss et al. 2002) . In these studies an increase of the heavy precipitation at the expense of the light precipitation events was found for many land areas including Europe.
Of particular interest are transient climate change experiments which allow an examination of the longterm variations. In this study results of the GHG climate change experiment with the coupled ECHAM4/OPYC3 AOGCM are analyzed for the period of 1900-2099. Daily precipitation statistics are described by parameters of a simple statistical model based on the gamma distribution. The use of a theoretical distribution instead of quantiles, return periods and other indices of the precipitation statistics derived directly from the daily data gives a loss of some accuracy due to the impossibility of the chosen distribution function adequately describing precipitation statistics all over the globe. However, an analysis of the fitted distribution parameters allows one to evaluate the changes of the entire range of precipitation distribution on the global scale and helps to understand physical mechanisms of the formation of the distribution and its change.
The study is organized as follows: in Sect. 2 the data used are described, and Sect. 3 is devoted to the validation of the model ability to simulate global mean precipitation structure and trends in the twentieth century as well as an index of heavy precipitation. In Sect. 4 the gamma distribution model applied to describe statistical properties of the daily precipitation is discussed. The parameters of the statistical model for the present climate are shown in Sect. 5. In Sect. 6 twenty first century trends of the analyzed daily precipitation parameters are presented and in Sect. 7 areaaveraged precipitation characteristics are shown for Europe and United States. In Sect. 8 the results obtained are discussed.
Data used
Global daily precipitation data from a numerical experiment with the AOGCM ECHAM4/OPYC3 (Oberhuber 1993; Roeckner et al. 1996a) were used for the analysis. The atmospheric model has a T42 spectral horizontal resolution (approximately 2.8°latitude/ longitude). In this experiment ) greenhouse gas (GHG) concentrations in the atmosphere for 1860-1990 were taken according to observations and for 1991-2100 according to IS92a ''business as usual'' scenario (Houghton et al. 1992) describing GHG growth due to expected human population increase and industry development. Following this scenario total radiative forcing due to GHG reached 2.7 W/m 2 in year 2000 and 7.6 W/m 2 in 2100 (relative to the preindustrial time), which corresponds approximately to the doubling and tripling of the equivalent CO 2 concentration in the atmosphere in the middle and at the end of the twenty first century, respectively. For model validation the global precipitation climatology for 1979 -1995 (Xie and Arkin 1997 , land precipitation climatology for 1961 (New et al. 1999 ) and 1901 land precipitation dataset (New et al. 2000) were used. For comparison with the model results these data were interpolated to the model resolution using the model land-sea mask.
Twentieth century simulation results: model validation
The atmospheric model performance for the present climate is analyzed in Roeckner et al. (1996a) . Climate variability associated with ENSO in the coupled model was considered by Roeckner et al. (1996b) . The simulation of the precipitation in the ECHAM4 model at different resolutions is discussed by Stendel and Roeckner (1998) . The general results of the scenario climate change experiments including the experiment analyzed in this study are considered in Roeckner et al. (1999) . Analysis and validation of the hydrological cycle on a regional scale were performed in Arpe and Roeckner (1999) , , and Hu et al. (2000) . In particular, a comparison of the model precipitation for Europe with different observational analyses showed that the model was able to reproduce the main features of the hydrological cycle within the range of uncertainty of the observational data (Arpe and Roeckner 1999) .
In this section we will briefly consider the model's ability to simulate the mean precipitation for the present reference climate (defined as an average for 1961-1990 period) . Long-term changes in the annual mean precipitation will be validated by comparison with twentieth century observed precipitation trends over land (New et al. 2000) . The ability of the model to capture twentieth century changes in heavy precipitation related to daily precipitation distribution change will be presented using an index derived from observed and simulated daily data for the United States.
Mean precipitation
Model annual mean global precipitation for the reference climate is compared to the observed data for 1979-1997 from Xie and Arkin (1997) (Fig. 1 , using model average for 1979-1997 does not modify the results). Zonal mean values for land and ocean are presented in Fig. 2 . For the land areas also a climatology for 1961 (New et al. 1999 ) is used. As can be seen from Figs. 1 and 2 the model reproduces the mean precipitation pattern reasonably well. The model overestimates annual mean precipitation over continents in general except for northern Africa, India, the north-and southeastern coasts of South America, and an area north of the Gulf of Mexico. In particular, over Europe the overestimation is due to high winter precipitation (with minor overestimation in autumn and spring) while in summer precipitation is underestimated (not shown). Over the ocean the highest discrepancies are found in the tropical belt in the regions with the most intense precipitation. The model produces excessive precipitation in the tropical Indian ocean and in the regions of the ITCZ and SPCZ, with less precipitation east to the Indian and southeastern Asia coasts and in the western equatorial Pacific. It should be noted that the observed data for these regions mostly comprise indirect satellite observations and reanalysis data (Xie and Arkin 1997) .
Precipitation trends
The simulated and observed relative trends of annual mean precipitation over land are presented in Fig. 3a, b respectively. The global land precipitation (excluding Antarctica) absolute trend value for 1901-1996 is 0.073 mm/day (3.5% relative to the reference climate) in the model and 0.050 mm/day (2.6%) in observed data. Although there is a broad agreement between the simulated and observed precipitation trends, there are also regional differences. This is both due to model limitations and to data deficiencies. A significance test carried out on the model result suggests that the most reliable trend occurs at higher latitudes of the Northern Hemisphere. The large differences in the relative trend over Sahara, south Arabia, western Asia and other arid regions may, in particular, be caused by very low precipitation amounts.
Validation of change in heavy precipitation
To examine the model's ability to simulate the trend in the intense daily precipitation, the contribution of the upper 10% daily precipitation quantile to the total annual amount was averaged for the USA (quantiles were computed for the reference climate). This index was chosen for the comparison as a dimensionless quantity representing changes in heavy precipitation over continental-scale area and it comprises perhaps the most extensive (in time and space) available station dataset. It was compiled by Karl and Knight (1998) based on the long-term daily precipitation records from about 200 stations across the contiguous United States. As can be seen from Fig. 4 the model reproduced quite well the positive trend, the mean and the amplitude of the interdecadal variability. The magnitude of the trend is 2.7% against 4% in the Karl and Knight (1998) data.
Statistical model of daily precipitation
A variety of statistical models describing daily precipitation has been proposed (Woolhiser and Roldan 1982; Stern and Coe 1984; Juras 1994) . When trying to describe the distribution of the daily precipitation time series one faces two competing requirements, namely the need to obtain the best fit to the data and to do so with a minimum of parameters that are easy to interpret.
As a compromise between these requirements a gamma distribution has been chosen. Although a number of other distributions such as Weibull, Pearson Type 3, log-normal, Poisson-exponential and others could be used for the same purposes, the choice of the gamma distribution is preferable as it has been widely used in meteorology for describing the distribution of observed and modelgenerated precipitation (Gregory et al. 1993; Gregory and Mitchell 1995; Wilks 1995; Katz 1999; Groisman et al. 1999) . It also provides a good fit to the data. The properties of the gamma distribution and methods of fitting it to the data have been discussed in the literature (Thom 1958; Katz 1977 Katz , 1999 Wilks 1990 Wilks , 1995 .
The gamma distribution g(x) provides a flexible family of positively skewed distributions and it is determined by its shape (a) and scale (b) parameters:
where G is the gamma function. Depending on its shape parameter a, the gamma distribution may vary from hyperbolically increasing when x approaches zero (a < 1), becoming an exponential distribution (a = 1), or asymptotically approaching a normal distribution when a fi +¥ (see Fig. 5 ).
As the gamma probability density function describes only the distribution of the non-zero arguments, an unconditional (for both dry and wet days) cumulative distribution function (cdf) of precipitation amounts is given by
where x is the precipitation amount, G(x) is the gamma cdf, and P w the probability of wet days.
Mean precipitation ð p pÞ and mean precipitation intensity (p I ) can now be written as follows: Figure 5 illustrates the forms of the gamma distribution corresponding to different values of the parameters a and b. For all three curves the product of the parameters or precipitation intensity (p I ) is equal to 4 mm/day which approximately corresponds to the mean summer precipitation intensity for mid-latitudes of the Northern Hemisphere. It can be clearly seen from Fig. 5b , that for sufficiently large values of daily precipitation (more than 10 mm/ day for the present case) the probability density function (pdf) on the logarithmic scale is very well approximated by a straight line with a slope of 1/b. This implies corresponding exponential growth for the probability of the high precipitation rates. This approximation holds when 1/b ) | a -1|/x, where x is daily precipitation.
To estimate the parameters of the gamma distribution a method of maximum likelihood is most efficient (in comparison to the methods of conventional and probability-weighted moments). In meteorological application this method in comparison with conventional moments estimators was discussed by Thom (1958) , who derived simple approximations of the likelihood solutions. In our study a precise solution of the likelihood equations (Wilks 1995) was used. It should be noted that use of the L-moments method (Hoskins 1990) gives very similar results and is competitively efficient for large samples (> 100) with the advantage of much less computation. Fig. 1 . a Annual mean precipitation, mm/day, 1961 b CMAP analysis, 1979 b CMAP analysis, -1997 . Values greater than 2 are shaded. Contours are at 0.5, 1, 2, 4, 8
Very small daily precipitation amounts may be caused by numerical noise and truncation errors in data archiving procedures in atmospheric models and therefore a precipitation threshold is usually used to determine a ''wet'' day. We used P 0 = 0.1 mm/day as the threshold thus fitting a gamma distribution to the {P j -P 0 }, where {P j } are daily precipitation values exceeding P 0 . Here the index j spans a number of ''wet'' days within a particular season.
The parameters of the gamma distribution were estimated for different seasons for every year for 1900-2100 assuming quasistationarity of the precipitation time series on the seasonal timescale.
To estimate the accuracy of the gamma distribution model non-parametric goodness-of-fit, the Kolmogorov-Smirnov test based on the empirical distribution function (D'Agostino and Stephens 1986) was applied for every season for 1900-2099. The results presenting the number of model cells (in percent) where the null-hypothesis that the data sample is drawn from the gamma distribution is rejected at the 10% confidence level are shown in Table 1 for land and ocean separately. As can be seen from the Table 1 the fit of the gamma distribution is much better for the land areas, with less than 5% of the model cells where the nullhypothesis is significantly rejected. For the ocean the fit is worse and varies in the mean from 11.9% for September, October, November (SON) to 17.5% for December, January, February (DJF) (Table 1) .
Precipitation characteristics for the present climate
The parameters of the gamma distribution were calculated for every season of 1900-2099. In this section the mean values of these parameters, wet day probability, precipitation, and precipitation intensity are presented for the reference climate . Parameters of the gamma distribution were not estimated for the model cells with fewer than five days with precipitation per season. These areas are marked as missing values (colored black) in the corresponding figures.
Precipitation intensity and wet day probability
In Fig. 6 JJA and DJF seasonal mean patterns of precipitation, precipitation intensity and wet day probability are presented. As can be seen, the main differences between JJA and DJF patterns are due to seasonal variations of the storm track precipitation in the North Pacific and North Atlantic oceans, monsoon precipitation (particularly distinguished over India and east Asia), ITCZs and ''warm pool'' precipitation. Note that the precipitation intensity pattern does not always follow the mean precipitation. In particular there is no minimum in the precipitation intensity at the western part of the United States due to the low wet day probability. A noticeable difference in precipitation and wet day probability is observed over Southern Hemisphere continents with reduced p p and P w during JJA and enhanced during DJF. In particular, P w may vary by an order of magnitude (from 0.1 to 0.9 for JJA and DJF respectively) in the middle part of South America and in southern Africa.
Shape and scale parameters
The mean shape and scale parameters of the gamma distribution for JJA and DJF are shown in Figs. 7 and 8. The shape parameter is less than 1 for most land and ocean areas which assumes an over-exponential form of the precipitation distribution. Over the ocean values of the shape parameter exceeding 1 are found in regions with low precipitation in the tropics close to the western coasts of the continents (less pronounced in the Northern Hemisphere during DJF in accordance with the seasonal precipitation pattern, Fig. 6 ) and in the storm track areas (North Atlantic and Pacific during DJF and along 60°S during JJA). During JJA the shape parameter exceeds 1 over land in the central United States (east of the Rocky Mountains, following the model orography), Mexico and the northern tip of South America, in central Africa simulated, 1961-1990 ; dotted line, observed Xie and Arkin (1997) ; dashed, observed New et al. (1999) , mm/day north of the Equator, and over the Tibetan Plateau and southern China. For DJF a > 1 is found east of the Andes in South America and in continental South Africa. Except for the mentioned areas, the shape parameter over land does not usually exceed 0.8.
The scale parameter in general follows very well the pattern of the precipitation intensity (pattern correlation is more than 0.9). The zonal mean values of the scale parameter vary by a factor of 10 from high latitudes to the equatorial area (from about 1 to 10 mm/day), whereas the features of the zonal distribution of the shape parameter are much weaker and the changes are usually not exceeding 20% of the global land and ocean averages.
Mean seasonal values (for JJA and DJF) of the analyzed precipitation characteristics are summarized in Table 2 . For the gamma distribution parameters the trends were not computed (black areas in the figures) for the model cells where more than 10% of data consisted of missing values (due to insufficient number of wet days for the parameter estimation).
Mean precipitation
The relative trends in the mean JJA and DJF precipitation for 2000-2099 are presented in Fig. 9a, b respectively. The most pronounced precipitation changes are found in high latitudes of the Northern Hemisphere (north to 50°N) for the winter precipitation which exhibits the strongest upward trends with maximum in northeastern Eurasia reaching 80% (Fig. 9b) . During summer the trends are much weaker or even negative for the northern high-latitudes (Fig. 9a) . The relative precipitation changes over the ocean in mid-and highlatitudes of the Northern Hemisphere are less intense Fig. 3 . Precipitation trends , a simulated and b observed New et al. (2000) , %/100 years but the highest absolute trend values (more than 1 mm/ day per century) are found in North Pacific storm track area during DJF and in the North Atlantic close to the Norwegian coast during SON and DJF (not shown).
For the JJA (Fig. 9a) , the marked feature is an area of negative trend for the mid-latitudes in Eurasia (30°N-50°N, west to 110°E) with maximum negative trend values (more that 40%) north to the Aral Sea. The negative precipitation trends around the Mediterranean Sea are also found in the other seasons. The opposite signs of the precipitation trends in northern and southern Europe for all seasons except JJA may be related to the intensification of the North Atlantic storm tracks along with an eastward shift of atmospheric centres of action in the model (corresponding to the Icelandic low and Azores high) noticed in this experiment (Ulbrich and Christoph 1999) .
A strong negative trend is found in Mexico during DJF and in the western United States and Canada for JJA. In the eastern and high latitudes of North America a positive trend is found for all seasons with a local maximum around the Great Lakes.
The highest positive (relative) trends in the Northern Hemisphere are found in northern India and in arid regions around the Persian Gulf and northern Africa. The positive trend over India is highest in absolute value for the northern continents; is present during all seasons except for DJF and reaches 2 mm/day during JJA.
In the Southern Hemisphere precipitation increases in high latitudes and decreases in mid-latitude ocean areas for all seasons. Over land one can mark strong negative trends in Brazil during JJA (exceeding -80%) and in western Australia (JJA and DJF).
Over the ocean one can see strong positive precipitation trends in the equatorial Pacific and Indian oceans accompanied by negative trends in the adjacent areas. These changes are present for all seasons and maximal in absolute values, exceeding 4 mm/day in the equatorial belt. This implies not only intensification of the intertropical convergence zones (ITCZs) in the equatorial Pacific and Indian oceans but also a shift in position of the ITCZs.
Precipitation intensity
The mean precipitation intensity relative trends for JJA and DJF are presented in Figs. 9c, d . It can be seen that Fig. 6 . Seasonal mean JJA (left column) and DJF (right column) precipitation (mm/day, upper panels), precipitaion intensity (mm/ day, middle panels) and wet day probability (bottom panels) simulated for the reference climate. For precipitation and precipitation intensity values greater than 2 are shaded, contours are at 0.5, 1, 2, 4, 8, 16. For wet day probability values lower than 0.6 are shaded, contours are at 0. 1, 0.2, 0.4, 0.6, 0.8, 0.9 with the exception of some narrow coastal regions there is a significant positive trend almost for all land areas for JJA and DJF. Noticeable exceptions are northern Africa, India and Mexico during DJF, eastern part of South America, western Australia and an area east to the Caspian Sea during JJA. Note a positive trend over Europe during JJA with maximum exceeding 40% over the Alpine region where only about 5% increase of mean precipitation is found.
Wet day probability
The difference between the total precipitation and precipitation intensity trends is by definition due to the trends in wet day probability which are depicted in Figs. 9e, f for JJA and DJF respectively. There is a distinguishing zonal structure in the trend pattern in the Northern Hemisphere with a zone of negative trends in mid-latitudes having maximum values around 45°N, which is found for all seasons (less noticeable for DJF). This structure is most pronounced during JJA (Fig. 9e) when most of the global land areas (with noticeable exceptions of India and northeastern Africa) and northern oceans have negative P w trends. During DJF (Fig. 9f ) and transient seasons (not shown) the most marked changes happen in northern high-latitudes as strong increase of wet day probability. Positive century trends exceed 40% for the Arctic that implies more than 0.1 in absolute value. This zonal change is in agreement with the results of the UKHI and CSIRO models' equilibrium climate change experiments (Hennessy et al. 1997 ). The strongest negative P w trends in mid-latitudes in Eurasia including local extrema in Central Europe and western United States are related to the mean precipitation decrease in this area described (Fig. 9a ) and accompanied by (in general) a moderate increase in precipitation intensity (Fig. 9c) . Wet day probability exhibits significant negative trends in most of the Southern Hemisphere continental areas. Particularly strong negative trends are found in the central and eastern parts of South America during JJA (exceeding 60%), western Australia and northern Africa during DJF.
Shape and scale parameters
Twenty first century relative trends in the shape and scale parameters of the gamma distribution for JJA and DJF are shown in Figs. 10 and 11, respectively. There is a negative trend in JJA shape parameter for the Northern Hemisphere land areas north to 45°N. The positive trend in southern Europe for JJA has a local maximum exceeding 20%. A similar maximum is observed over the eastern United States. During DJF the area of positive trend over continents spreads to larger regions of the mid-and high-latitudes of Eurasia, North America and eastern part of Australia. In general it can be noted that the magnitude of the trend in shape parameters over land is usually not exceeding 30% in few local maxima and 10% in zonal means.
The trend in the scale parameter for JJA (Fig. 11a ) is generally positive over all land areas. The magnitude Table 2 . Mean values of simulated precipitation ð p pÞ, mean precipitation intensity (p I ), wet day probability (P w ), shape (a) and scale (b) parameters for JJA and DJF of the reference climate of the scale parameter trend is much higher than for the shape parameter. There is an area of maximum trend values (exceeding 60%) in Western Europe.
Another maximum (reaching 50%) can be seen in the eastern part of Eurasia with a centre east of Lake Baikal. During DJF (Fig. 11b ) the strongest increase (reaching 80%) is found over northeastern Eurasia and Fig. 9 . Relative trends in mean JJA (left column) and DJF (right column) precipitation (upper panels), precipitaion intensity (middle panels) and wet day probability (bottom panels) simulated for 2000-2099, %/100 years southern Siberia. Over the ocean a significant increase is observed in the Northern Hemisphere storm track regions and in the eastern equatorial Pacific. As in the case of the mean pattern for the reference climate, the distribution of the trends in scale parameter and precipitation intensity are very similar. The global pattern correlation is 0.83 (for JJA and DJF).
The secular trends for the these characteristics for JJA, DJF and annual means averaged over land, ocean areas and over the globe are summarized in Table 3 . As a general feature one can see that the trends over oceans are usually an order less than those over land for all parameters. The scale parameter over land for all seasons undergoes the most rapid increase among other characteristics (about 20% for the century) accompanied by a decrease of the shape parameter (about -5%). The largest seasonal differences for the mean precipitation trends over land are mostly due to the strong precipitation increase in the northern high-latitudes during DJF and resulted in a 2.5 times larger relative trend for DJF (12.2%) in comparison to the JJA value (4.8%). Despite this difference the changes in precipitation intensity are of the same order (12.1% and 9.9% for DJF and JJA, respectively), which is related to the reduction of the wet day probability (over land) during JJA and a minor increase during DJF (-6.3% and 2.0%).
There is a significant similarity in the scale and reverse shape parameter trend patterns (the pattern correlation is about -0.5). It should be noted that this feature may represent an artifact due to a strong negative correlation between parameter estimators for the gamma distribution (Johnson and Kotz 1970) . The secular trend in the contribution of the upper 10% quantile of the daily precipitation to the annual total (the index which was examined in the Sect. 3 for the United States during the twentieth century) is presented in Fig. 12 . A significant positive trend is observed over all continental areas (except for Western Australia). Strongest trends are found in Africa with absolute maximum in its northern part and over the Arabian peninsula. Local maxima are also found in Europe (centered around the Alps), United States (south of the Great Lakes) and Mexico. These changes imply an increased probability of heavy rains (snowfalls) at the expense of light and moderate precipitation events. -80, -60, -40, -20, 0, 60, 80 , 100 Table 3 . 21st century absolute trends of precipitation characteristics. Trends are shown for annual means, JJA and DJF for the globe, land and ocean areas. In the parentheses the relative values (in %/100 years to the reference climate) are presented. Units for ð p pÞ, p I and b trends are mm/day per century; for a and P w trends -frac./100 yrs 
Some regional examples
To illustrate long-term variations of the precipitation characteristics two 10°· 10°latitude/longitude densely inhabited areas were chosen in Central Europe (45°N-55°N, 5°E-15°E) and in the eastern United States (35°N-45°N, 75°W-85°W ). Area averaged annual mean precipitation characteristics (mean precipitation, precipitation intensity, number of wet days, number of days with precipitation exceeding 90% quantile, 90% quantile-to-total precipitation ratio (see Fig. 12 ) and vertically integrated relative humidity) for 1900-2099 are presented in Fig. 13 .
Europe
As can be seen from Fig. 13a , the mean precipitation for Central Europe is characterized by intense interdecadal variations. The highest values of the mean precipitation reached in the twenty first century since 2050 are comparable with the maxima of the decadal variations in the twentieth century. In general interdecadal variations dominate the long-term trends, although there is a positive trend for the twenty first century alone due to the minima in interdecadal variations in the first half of the century. In contrast to the mean precipitation, the precipitation intensity (Fig. 13b) shows a rapid increase after 2030. This is related to the corresponding changes of the number of the wet days, Fig. 13c . This number steadily decreases from about 300 days per year (1940s) down to 255 at the end of the twenty first century. At the same time the number of days with precipitation exceeding 90% quantile (derived for the reference 1961-1990 climate) increased by about seven days in the twenty first century (Fig. 13d) with insignificant changes in the twentieth century. This is also reflected by the increased contribution of the heavy precipitation to the total annual precipitation amount (the index discussed in Sect. 3), which increased from 40% to 50% during 2000-2099 (Fig. 13e) . -16, -4, 0, 12, 16, 20, 24 In Fig. 13f the vertically integrated relative humidity through the free troposphere (850-300 hPa) is presented. A slight negative trend is observed starting from the end of the twentieth century. The correlation between this quantity and the number of wet days (Fig. 13c) is 0.84. The small changes of the relative humidity are negligible for the increasing moisture content as the corresponding increase of the saturation specific humidity is about 35-40% due to the 4-5 K annual mean temperature growth in the low troposphere at the end of the simulation. On the other hand, these changes are strong enough to affect the probability of precipitation occurrence.
United States
For the eastern United States the long-term changes of the mean precipitation (Fig. 13a) in the twenty first century are dominant over interdecadal variations. A rapid precipitation increase is observed since the middle of the twenty first century, preceded by a relatively sta- Y-axis labels are on the left side of the plots for the Europe and on the right side for the US ble period. The interdecadal variability of the precipitation intensity is much weaker, and a clear positive trend can be seen starting from the second third of the twentieth century (Fig. 13b) .
As in the case for Central Europe, the number of wet days significantly decreased in the twenty first century (Fig. 13c) , while the twentieth century is characterized by interdecadal variations with an amplitude of about 15 days. Again the number of days with heavy precipitation was steadily increasing during 1900-2099 ( Fig. 13d) with an enhanced rate in the twenty first century (about six days).
The heavy precipitation index and vertically integrated relative humidity are shown on Fig. 13e , f. As for Europe the vertically integrated relative humidity is highly correlated (0.71) with the number of wet days.
Discussion
The increase of the greenhouse gas concentrations in the transient climate change experiment with the ECHAM4/ OPYC3 AOGCM predicts considerable changes in the mean characteristics of the global hydrological cycle during the twenty first century. These changes were accompanied by a significant modification of the daily precipitation probability distribution. A simple statistical model based on the gamma distribution has showed a reliable fit to the simulated daily precipitation probabilities for most of the land areas.
Changes in the daily precipitation over land can be characterized by, in general, a slight decrease of the shape parameter that means increasing skewness of the probability distribution (for all seasons except winter when positive shape parameter trends were found in northern high-latitudes and large areas in the Southern Hemisphere). The scale parameter changes over land are positive with rare exceptions for all seasons. An increase of the scale parameter means a stretching of the distribution with exponential increase of the heavy precipitation events. The relative changes of the scale parameter are usually several times stronger than the changes of the shape parameter. The fact that the gamma distribution changes caused by increased total precipitation are reflected mostly by a corresponding rescaling of the distribution with relatively small changes in its shape was found by analysis of the observed data by Groisman et al. (1999) . However, as was found in our study, the shape of the distribution may also experience significant transformations in some regions which should be taken into account when estimating scenarios of precipitation distribution changes. This is the case, in particular, with significant positive trends reaching 20% (0.15-0.2 increase of the shape parameter) in the central United States (for both JJA and DJF) and southern Europe during JJA. The increase of the shape parameter in southern Europe was accompanied by the strongest increase (more that 60%) of the scale parameter.
A clear reduction in the probability of a wet day was observed, in particular, for the large areas in the northern mid-latitudes and subtropics. Despite this decrease the relative contribution of heavy precipitation has grown (Fig. 12 ) due to the corresponding increase of the scale parameter of the gamma distribution (and precipitation intensity respectively). This implies a more extreme climate with higher probabilities of droughts and heavy precipitation events.
Based on the observation that the global averaged relative humidity is broadly conserved within a range of climate forcing, an increased warming will imply an increase of total moisture in the atmosphere in accordance with Clausius-Clapeyron equation. This is illustrated by Fig. 14. Does the conservation of the relative humidity reflect fundamental properties of the atmosphere's physics and what is the range of external forcing for this conservation to hold? Or is it a result of simplified GCM parameterizations of precipitation and cloud formation which usually fix relative humidity profile? These questions require a closer consideration.
Another important question is a rescaling of the GCM results in order to obtain daily precipitation statistics and their change locally. This is of major importance for the extreme precipitation properties since the upper tail of the precipitation distribution suffers most from coarse resolution representation in the GCMs. One well-known approach is the use of empirically based downscaling techniques. The disadvantage of these methods is the requirement of sufficiently long observed data for the considered location to train a downscaling model. Another way is to use more common knowledge such as the spatial correlation of the precipitation process and a relation between point and area averaged variations of daily precipitation (Osborn and Hulme 1997) . A successful use of the gamma distribution with the model daily precipitation may help to construct a statistical downscaling model assuming precipitation to be identically distributed on different spatial scales and taking into account scaling properties of the rainfall processes.
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